Abstract. We study a stochastic process driven by colored non-Gaussian noises.
Noise driven dynamical systems appear in almost all disciplines of natural sciences such as physics, chemistry, astrophysics, biology, etc [1]- [3] . Unexpected transport properties of non-linear systems that can extract usable work from unbiased non-equilibrium fluctuations have been the focus of attention in recent studies [4]- [7] . These so-called stochastic ratchet systems can be modeled, for instance, by considering a Brownian particle in a periodic asymmetric potential externally driven by a time correlated force of zero mean. The basic element of a typical Brownian ratchet essentially concerns the breaking of detailed balance by an external unbiased force. The application of the ratchet effect is as regards various issues, such as explaining the experimental observation of a biochemical molecular motor which transports materials in various cells [8, 9] , directed transport of photoreflective and photovoltaic [10] materials, separation or segregation of particles [11, 12] etc, to name but a few. In efforts to understand the underlying mechanism of the generation of unidirectional motion from non-equilibrium fluctuations, several models have been proposed [6, 13] and triggered a lot of theoretical [6, 7, 13] and experimental [14] activity around these models.
In the present paper we investigate directed motion of the Brownian particle in the presence of a flashing ratchet potential and driven by non-Gaussian noises. The mechanism of operation of molecular motors is potentially interesting in the present context [15] . The binding of adenosine-5-triphosphate (ATP) to the molecular motors would change the height of the barriers relative to the wells, and the potential reconverts when ATP separates, with the result that a particle feels the interaction of a flashing ratchet. The model contains at least two different time constants for two states of the systems. Experimental and theoretical explanations for the mechanism appeared in [16] . On the other hand, recent studies on biological systems demonstrated that there is noise of biological origin and non-Gaussian in character. Examples are current through voltagesensitive ion channels in a cell membrane and experiments on the sensory systems of rat skin [17] . Also recent detailed studies on the source of fluctuations in different biological systems [18, 19] clearly show that, in such a context, noise sources are in general nonGaussian. It is observed that biological transport works in the presence of correlated random noise of biological origin, such as in the hydrolysis mechanism of ATP [20] . The noise of biological origin due to non-linear dynamics may be correlated and non-Gaussian. Recently the role of non-Gaussian noise in stochastic resonance, mean first-passage time and complex networks has been investigated in [21, 22] . Model. To begin, the Langevin equation of motion for a particle moving in a flashing ratchet potential [16] can be written aṡ
Here q corresponds to the position of the particle showing stochastic motion in an external force field derived from potential V (q). In the present problem the ratchet potential is chosen to be a simple sawtooth one,
and where V 0 is the barrier height, while β and λ denote the asymmetry parameter and the periodic length of the ratchet potential, respectively. k takes the integer value of the division q/λ. A typical potential with V 0 = 2.0, β = 0.9 and λ = 1.0 is presented in figure 1 . The factor f (t) in the first term of equation (1) takes two values, 0 and 1, as this is a periodic dichotomous process. The particle experiences the potential off during the waiting times t off and the potential on during t on ; we have
and
where
We assume that η in equation (1) is a colored noise process and it has either Gaussian or non-Gaussian distribution. More precisely, we consider that it is a Markovian process generated as the solution of the following Langevin equation [23] :
ζ(t) being a standard Gaussian noise of zero mean and its two-time correlation being given by ζ 1 (t)ζ 1 (t ) = 2δ(t − t ) and
Here D and τ are, respectively, the noise intensity and the correlation time, and α = τ/D.
The form for noise η(t) allows us to control the departure from the Gaussian behavior easily by changing a single parameter p.
For p = 1, equation (7) becomeṡ
which is the well known time evolution equation of the Ornstein-Uhlenbeck noise process for which the correlation function η(t)η(0) decays exponentially, η(t)η(0) = D/τ e −t/τ . Thus τ is the correlation time of the Ornstein-Uhlenbeck noise. For p > 1 the stationary properties of the noise η, including the time correlation function, have been studied in [22] and here we summarize the main results. The stationary probability distribution is given by
where Z p is the normalization constant and given by
Γ indicating the Gamma function. This distribution can be normalized only for p < 3.
Since P (η) is an even function of η, the first moment, η , is always 0, and the second moment, given by
is finite only for p < 5/3. Furthermore, for p < 1, the distribution has a cut-off and it is only defined for |η| < η c ≡ 2D/τ (1 − p). However, we use numerical methods to calculate time correlation functions for Gaussian and non-Gaussian noises, respectively, and show the results in figure 2. For non-Gaussian noise a bi-exponentially decaying function ( η(t)η(0) = ae −t/37 + be −t corresponds to the dotted curve for p = 1.5 in figure 2 ) having two correlation times, 37 and 1, fits well with the numerical result (solid curve in figure 2), which clearly shows that the correlation time τ p and the variance for p > 1 are larger than those for Gaussian noise with p = 1. Clearly, when p → 1, we recover the limit where η is a Gaussian colored noise. Before leaving this part we would like to mention that in the present study we have considered continuous distribution of the non-Gaussian noise which is more relevant in the natural systems, rather than twostate or discrete distributions [24] that are mostly used in the literature to study the noise driven dynamical systems. Current inversion. Since it is very difficult to study equation (1) analytically because of the non-linearity in η in equation (7), we calculate the current numerically for a nonGaussian or Gaussian noise driven flashing ratchet model. The probability current j is related to the mean velocity v in the stationary state as The steady mean velocity of the particle is evaluated as
The average position at long time is determined numerically by solving the Langevin equations (1) and (7) simultaneously using Heun's method. It is a stochastic RungeKutta type method and it reduces to the second-order Runge-Kutta method in the absence of noise [25] . In our calculation a very small time step (h = 0.001) has been used. In the present numerical study we follow the dynamics of each particle starting from q(t = 0) = 0.0. Now we investigate how the current varies with half-cycle period t p /2. In figure 3 , we plot the current as a function of t p /2 for Gaussian and non-Gaussian noises, respectively. The behavior of the mean velocity is governed by a cooperation and competition between two non-equilibrium processes: diffusion and mobility. Figure 3 shows that ratchet effect starts to work even at very small half-cycle period (the result for small half-cycle period is presented in the inset) for non-Gaussian noise and there is a current inversion. It shows also that the current inversion almost disappears in one switches from non-Gaussian to Gaussian noise and a maximum appears in the positive current region for the latter at large half-cycle period compared to the former.
These results can be understood in the following way. Because of the very high variance (see equation (12) and figure 2) of non-Gaussian noise compared to Gaussian ones, particles diffuse an appreciable distance from the bottom of the well towards the barrier even at small half-cycle period while the potential is off, so it is possible that the velocity due to the mobility exceeds that due to the diffusion, leading to the mean velocity becoming negative for non-Gaussian noise at small t p . But after a certain value of t p the diffusion dominates over the mobility and thereby current passes through a minimum at small half-cycle period. On increasing t p , a freely diffusing particle can reach the position of the nearest barrier during the interval; however, there is a small possibility for the particle to arrive at the position of the further barrier; thus the difference between forward (P f ) and backward probabilities (P b ) can become maximum at a critical half-cycle period. The maximum of the mean velocity driven by Gaussian noise appears in a long cycle period compared to non-Gaussian noise; because of its low variance, the particle needs a long time to reach the nearest barrier.
In the next step we explore how the mean velocity changes with noise correlation time τ . The variation of the current as a function of the noise correlation time is plotted in figure 4 . It exhibits that the mean velocity for a non-Gaussian noise driven process (dotted curve) first increases with increase of τ and then decreases, passing through a maximum. The maximum disappears and the current monotonically decreases if one switches from non-Gaussian to Gaussian character of the noise. It is apparent that the fall of the current is due to decrease of the variance of the noise (equation (12)) with increase of τ . Because of the very large value of the variance for non-Gaussian noise, the difference between P f and P b is small in the τ → 0 limit and it grows with the rise of τ as the variance falls. At a critical value of τ , the difference reaches a maximum.
In figure 5 , we plot the current as a function of the asymmetry parameter β of the ratchet potential. The figure depicts that at small β, current is controlled by mobility, and diffusion governs the current at large value of the asymmetry parameter. This can be explained in the following way. If the asymmetry of the ratchet is small, the particles will descend first to the bottom of a well along the longer side after they diffuse freely to the farther barrier while the potential is off. Then it may happen that the velocity due to the mobility dominates due to the diffusion and a negative current is observed. But if the asymmetry parameter is large, a freely diffusing particle can reach the position of the nearest barrier; however, there is a small probability of the particle arriving at the position of the further barrier, and thus the difference between P f and P b is positive and leads to a positive current. Thus in the competition between mobility and diffusion, the former dominates at small β and the latter governs the current when β is large. It is apparent in figure 5 that the mobility is more dominant for non-Gaussian noise than Gaussian noise at low β and on increasing β, diffusion more rapidly dominates over the mobility for the former than for the latter. It is to be noted here that our numerical result is consistent with the natural demand since figure 5 exhibits zero current at β = 0.5. The potential is symmetric at β = 0.5. As both the Gaussian and non-Gaussian noises are symmetric, the current is zero at β = 0.5. Another check of our numerical calculation is that the curves in figure 5 are almost inversion symmetric due to the changes of polarity of the ratchet potential for β < 0.5 and β > 0.5. Finally, in order to clarify the effect of the departure from Gaussian character of the colored noise process on the ratchet effect we have calculated the mean velocity as a function of p and plotted the result in figure 6 . It shows that the current increases with p. This can be rationalized in the following way. The variance of the noise increases as the non-Gaussian parameter p grows. On the other hand, for a given half-cycle period t p /2 the possibility of arriving at the nearest barrier for a freely diffusing particle increases with increase of variance of the noise. Thus current increases with p due to increase of the noise variance. Conclusion. We have studied here how the mean velocity of a Brownian particle changes if one switches from Gaussian to non-Gaussian noise in the presence of a flashing ratchet potential. Our investigation includes the following main points.
(i) There is a current inversion for a non-Gaussian noise driven flashing ratchet system with the variation of the mean velocity as a function of the half-cycle period, which controls the on-off operation mechanism of the ratchet potential for the given parameter set. (ii) The current first increases with increase of the noise correlation time, then decreases after passing through a maximum for non-Gaussian noise. But the maximum disappears for Gaussian nose. (iii) At low asymmetry of the ratchet potential, mobility is more dominant for nonGaussian noise compared to the Gaussian one, and with growing asymmetry, diffusion more rapidly dominates over the mobility for the former than for the latter. (iv) The current increases as the noise becomes more deviated from Gaussian behavior.
We believe that our present study will be useful for understanding the role of nonthermal noise in transport processes. Our system of interest is in general associated with both thermal as well as non-thermal environments (NTE). By the thermal environment we mean the medium in which the system is immersed. On the other hand, a tagged system is also strongly coupled to the many dynamical degrees of freedom which correspond to doi:10.1088/1742-5468/2009/02/P02003the NTE (the biological environment as an example of an NTE). Because of the complex non-linear dynamics in the non-thermal environment the noise of non-thermal origin might be colored and non-Gaussian in character.
